ABSTRACT We have screened a human DNA library using as probe a chimpanzee sequence that contains homology to the polymerase gene ofthe endogenous baboon virus. One set ofoverlapping clones spans about 20 kilobases and contains regions of DNA sequence homology to the gag p30, gag p15, and polymerase genes of Moloney murine leukemia virus. Furthermore, the spacings are the same as in Moloney virus between these sequences and a 480-nucleotide region that has the structural characteristics of a 3' copy of the long terminal repeat sequence. Hybridization of the cloned DNA to restriction digests of human DNA indicates that the human genome contains only two copies closely related to the sequence and 10 less closely related copies. This retroviral sequence appears to have been in its present chromosomal location prior to the divergence ofman and chimpanzee because the human and chimpanzee clones have 3-4 kilobases of identical 3' flanking sequence.
ABSTRACT We have screened a human DNA library using as probe a chimpanzee sequence that contains homology to the polymerase gene ofthe endogenous baboon virus. One set ofoverlapping clones spans about 20 kilobases and contains regions of DNA sequence homology to the gag p30, gag p15, and polymerase genes of Moloney murine leukemia virus. Furthermore, the spacings are the same as in Moloney virus between these sequences and a 480-nucleotide region that has the structural characteristics of a 3' copy of the long terminal repeat sequence. Hybridization of the cloned DNA to restriction digests of human DNA indicates that the human genome contains only two copies closely related to the sequence and 10 less closely related copies. This retroviral sequence appears to have been in its present chromosomal location prior to the divergence ofman and chimpanzee because the human and chimpanzee clones have 3-4 kilobases of identical 3' flanking sequence.
Retroviruses have been shown to be capable ofinducing tumors by two basic mechanisms. The first involves the incorporation of a cellular transforming gene, or oncogene, into a retrovirus so that it is expressed whenever the virus infects cells (1) . The number of oncogenes in a mammalian genome is uncertain but is clearly more than one (2) . The second mechanism, demonstrated by the induction of bursal lymphomas in chickens by avian leukosis virus, involves the ability of the retroviruses to integrate a DNA copy ofthe viral genome into the chromosomal DNA of the host. In the rare case in which the viral DNA is integrated adjacent to an oncogene, the promoter sequences present in the termini of the integrated virus can activate the oncogene (3) .
As a result of the ability of the retroviruses to integrate into host DNA and, thus, become part of the host genome, many, if not most, mammals have accumulated tens or hundreds of integrated retroviral sequences. These endogenous viral sequences thus provide a reservoir of viral genes which might be activated by developmental or environmental factors including mutagens. These newly activated viruses then might induce tumors either by the mechanisms described above or through other mechanisms, such as inactivation of a critical gene by integration within the gene (4) . Evidence that the activation of endogenous viral genes may be significant is provided by the observation that formation of a recombinant virus derived from two endogenous viruses is correlated with spontaneous leukemias in the AKR mouse (5), a strain with a high incidence of leukemia.
The critical questions concerning retroviruses are whether they are involved in human carcinogenesis and, if so, to what degree. Attempts to answer these questions have been hampered by a dearth of human retroviruses. There is currently one human retrovirus (6) . This virus is not an endogenous human retrovirus because related sequences are not found in normal human DNA (7) . There is also a potential endogenous human retroviral sequence that was cloned from human DNA (8) . To date this clone has been shown only to contain sequences homologous to the retroviral polymerase gene. In this report we describe the cloning of an unrelated endogenous human retroviral sequence that has homology not only to a retroviral polymerase gene but also to the gag genes p15 and p30. This sequence also has an apparent long terminal repeat (LTR).
MATERIALS AND METHODS
Nucleic Acid Hybridization. 32P-Labeled probes were prepared by nick-translation of plasmid DNAs containing the appropriate viral sequences at specific activities of 2 X 107 to 2 X 108 cpm per ,jg. Hybridization to nitrocellulose filters to which DNA was fixed, either through plaque lift procedures (9) or Southern blotting (10), was as described (11) except that both hybridization and wash were in 0.45 M NaCI/O. 045 M Na citrate, pH 7, at 60'C for low stringency and washes were in 0.03 M NaCl/0.003 M Na citrate, pH 7, at 60°C for higher stringency.
Computer Alignment of Sequences. The sequence alignment of distantly related DNA sequences was determined with the ALIGN program (12) by using a break penalty of 15 and a scoring matrix that gives 10 points for a nucleotide match, 3 points for a C-T or A-G mismatch, and 1 point for any other mismatch. The scoring for C-T and A-G mismatches was used to enhance the detection of distant homologies because the analysis of sequence data (13, 14, 15) indicates that transitions, that is C-T or A-G changes, are 2 to 3 times more common than transversions. To judge the significance of a particular alignment, 300 random reshufflings of the sequence were performed. The score of the particular alignment relative to the mean of the random scores is expressed in units of the standard deviation of the random scores. Assuming that the scores of all random sequences would be normally distributed about this mean with the same standard deviation, we can convert this alignment score to a probability of chance occurrence by using standard probability tables.
RESULTS
The Cloning of Human Sequences. A human library (16) was screened by using a nick-translated fragment (Fig. 1, map 
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 Fig. 1 is the restriction map ofthe chimpanzee clone CH2. Except for an additional Pvu II site in the human clones, the restriction maps of CH2 and the human clones are identical, indicating that they are closely related.
Identification of Retroviral Genes. To detect retroviral homologies that are too distant to be detected by low-stringency hybridization, we determined the sequence (18) of portions of the human clones. We have compared the resulting sequences to the sequence of Moloney leukemia virus (M-MuLV) (19) because this was the only complete retroviral sequence that was available. However, the available BaEV sequence proved to be only slightly more closely related.
Nearly 200 nucleotides of the CH2 and HC-20 sequences at site 5 of Fig. 1 and the corresponding BaEV sequence were determined. They are shown in Fig. 2 aligned with the MMuLV virus sequence. As was indicated by their conserved restriction sites, the human and chimpanzee clones are closely related, having 98% nucleotide homology. The human and BaEV sequences are 62% homologous, whereas the human and M-MuLV sequences are 57% homologous. In contrast, the BaEV and M-MuLV sequences are 69% homologous. Thus, the human sequence is almost equally related to BaEV and MMuLV viruses but less related to these two viruses than they are to each other. The 57% homology to M-MuLV is clearly significant because the ALIGN program gave a probability of 10-26 of a random sequence having this degree of alignment. Thus, the probability that such a sequence would occur Fig. 1 and the restriction site which was labeled. t Total nucleotides include all deleted nucleotides inferred from the sequence alignment. t The alignment score and the probability of a random sequence giving this degree of alignment were derived as described in Materials and Methods. § The spacing between the corresponding restriction sites. The spacing between the M-MuLV sequences homologous to the human restriction sites. Because the sequence was not read through the human restriction site in most cases, the position is estimated with an error of about ±20 nucleotides. Although the p15 gag, p30 gag, and polymerase homologies are independently significant when considered in the context of the whole human genome, they occur in a 5.5-kb segment of human DNA with the same spacings as in M-MuLV. Thus, once the significance of one -sequence, for example, the polymerase sequence at site 5, has been judged relative to the whole human genome, the significance of the remaining sequences should be judged relative to a much smaller number of nucleotides. The probabilities then become so small that we must conclude that these homologies reflect the presence in humans of retroviral gag genes in association with a retroviral polymerase gene.
A Possible LTR Sequence. Another feature characteristic of integrated retroviruses is the presence of a LTR of 300-1,330 nucleotides at each proviral end. Initial experiments to identify the LTR sequences by hybridization of the 5' and 3' halves of the clones to each other failed to reveal any repeated sequences in the appropriate location. However, hybridization experiments with fragments of BaEV and HC-57 DNAs revealed that the 5' portion of the BaEV LTR is homologous to a portion of HC-57 DNA (Fig. 1, map positions 15.9-16.15) . To determine whether a complete LTR is present, we determined the sequence of a 1.2-kb region (map positions 15.1-16.3). Shown in Fig. 5 is a 480-nucleotide sequence (region 6 of Fig. 1 ) which may represent such a LTR because it has several structural features in common with known LTR sequences (20) , including both transcription initiation and transcription termination signals.
One structural feature, an inverted repeat with T-G at the 5' end and C-A at the 3' end, is common to the ends ofall LTR sequences and is one ofthe characteristics by which retroviruses resemble transposable genetic elements. The first nine nucleotides of the human LTR, T-G-T-G-T-G-C-C-A, and the last eight nucleotides, T-G-G-A-C-A-C-A, would be a perfect inverted repeat with the addition of a C residue between the T-G-G and the A-C-A-C-A. These 9 nucleotides match 9 of 10 corresponding nucleotides in the LTR sequence of CPC-1 (21) .
A LTR contains the transcription initiation sequences C-C- Fig. 1) , electrophoresed in 0.7% agarose gels, transferred to nitrocellulose filters, and hybridized to labeled DNA containing the 2. (Table 1) .
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Although its features implicate the 480-nucleotide sequence as a LTR, one aspect is presently unclear. The site of the hybridization between the BaEV LTR and the proposed human LTR is located at nucleotides 360-392. With the deletion of the T at 378 or 379, this sequence exactly matches 33 nucleotides of the BaEV sequence (24) . The significance of this sequence is unclear because it occurs near the 5' end of the U3 region of the BaEV LTR. However, the probability of obtaining 33 of 34 matching nucleotides is so small that this sequence conservation suggests some significance. If this sequence has a function in the U3 region, then the human LTR may extend several hundred nucleotides 3' of the sequence in Fig. 5 .
Related Sequences in Human DNA. Although the cloning results suggest that there are only a few copies in the human genome that are closely related to the 2.3-kb EcoRI fragment of HC-20, a more definitive assessment is provided by hybridization to restriction digests of human DNA. Low-stringency hybridization (Fig. 7A ) reveals 10-20 bands in each digest. However the high-stringency result (Fig. 7B) shows only one or two bands per digest, many of which are predicted from the restriction map. Most digests contain an additional major band, which suggests the presence of closely related sequences that are divergent enough to have a different restriction map. The 8.0-kb EcoRI band would be expected if the EcoRI site that defines the 3' end of CH2 is present in human DNA. Because the 3' end of this fragment, as well as the 5.5-kb BamHI fragment, must be in the flanking sequence, we assume that the intensity of these bands represents a single copy. This interpretation is consistent with the intensities of the other bands. Thus, the 3.7-kb EcoRI band would represent the second copy. We conclude that the human genome contains only two copies ofsequence closely related to our clones but -10 copies of more distantly related sequence. There is no evidence of the specific multiple copy bands that are characteristic of the clone of Martin et aL (8) in similar blots with probes that span map positions 8.4-14.9. Thus, our clones represent an entirely different family of sequences. DISCUSSION We isolated several overlapping human clones containing significant DNA sequence homology with M-MuLV in the gag p15 and p30 genes and the polymerase gene. Furthermore, we have identified a possible 3' LTR element at the same distance from the polymerase gene as in M-MuLV. Thus, the human sequences have the structure of an integrated retrovirus. However, we have been unable to identify a LTR at the 5' end and, therefore, conclude that this provirus is incomplete. Although the spacing between the polymerase sequences and the 3' LTR is the proper size to contain envelope genes, thus far we have been unable to recognize any substantial homology between this sequence and the Moloney virus env gene sequence. The absence of envelope gene homology is not unexpected because retroviral env genes are highly divergent. It appears that this provirus cannot code for a complete polymerase gene because the sequence at site 4a has no open reading frame.
From the similarity of the CH2 and HC-55 restriction maps, 18 of 19 sites, we deduce (25) that their overall sequence divergence is only 1%. This value is supported by the observation of only 6 nucleotide substitutions in 256 nucleotides of compared sequence and approximates the 1-2% divergence of the single copy sequences ofchimpanzee and man. Because the two clones also cross-hybridize throughout the 3' flanking sequence; we conclude that they are located at the same chromosomal site in their respective genomes. This common locus implies either that it is a highly preferred integration site or that the viral sequence was present at this site in the common ancestor of man and chimpanzee. However, it would require an extraordinary degree of preference for independent infections of man and chimpanzee to place the only closely related human viral copy at the same site as its chimpanzee homologue. Thus, we conclude that this is an ancient integration site and that this sequence has not moved in the sense of a transposable element during the last several million years. An alternative interpretation of the structure of the human sequences that would account for the presence of only a few incomplete ancient copies is that these sequences represent a protovirus (26), a precursor from which a retrovirus might be assembled.
